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Outline
e Why do we use a crystal platform for new physics probes?
e How do we make our measurements?

e How much can we improve our sensitivity?



Europium-153
e Stableisotope
e Nuclear spin-5/2

e Nucleus is octupolar: nuclear Schiff moment enhancement
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Europium ions doped in yttrium orthosilicate (YSO)

S3Eu3* is doped into non-centrosymmetric
Y sites, where ions are polarized by the large
crystal field

0.01% doping gives 10" ions to probe in a
~cm? crystal

At 4 K, ions are in the quantum ground state

No need for optical trapping or laser cooling

5 DO

580 nm
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Four distinct sites in YSO
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Four sites within the primitive cell of the lattice that are related by

A

e inversion II:(x,y,2) = (—x,—y, —2) T = 41
e xy reflection > (z,y,2) = (—z,—y, 2) o= *+1



Site dependent Hamiltonian
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Site dependent Hamiltonian
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Site dependent Hamiltonian
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Site dependent Hamiltonian
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T ensembles are identically shifted by the magnetic field and
oppositely shifted by P-odd T-odd moments
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Crystal mount apparatus

230 kHz
Monitor SmCo magnets

photodiode .
Transmission
photodiode

field plates 119 MHz

coll

Eu:YSO
crystal



300G : Eu:YSO
DC B field RF B field crystal

8 inches







State preparation

e Excited electronic state has a 1.9 ms lifetime

e Optical and rf state preparation
o  Empty out ground state a, & and c optically
o  Adiabatic RF sweep between b and &
o Repeat

e Preparedin b and ready to do spectroscopy

580 nm
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Ramsey spectroscopy

e Ramsey spectroscopy on b - b transition
in a 300 G magnetic field with a
230 kHz coll

T2 ~ 30 ms
TZ* ~2ms
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Optical detection
e Optically detect change in b
e During detection turn on the 65 V/cm

lab electric field to distinguish
oppositely-polarized ions

optical depth
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Ramsey spectrum
e We can also distinguish the o
sub-ensembles during RF

spectroscopy

e Using a lab magnetic field along
the laser axis

e Useful systematic test

optical depth change (10~3)

detuning, f — 223.0 (kHz)
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Phasor Ramsey technique

e A modified version of N ! b oo

! 0.065

Ramsey's method isused ¢ .

H i 0.050 |
1 1 1 1 1

e The carrier frequency is

0070 k. = 1

T=-1 . ] ‘ 3
. r .’. : % ": [ 34 4
fixed and the second iRAnang e %
y . 5 # °. s 11 2
] 7
Ramsey pulse’s phase is i f
g & 0.055
swept 5 /
0.050 |-
1 1 1 1 1 1 1 1 1 1 1
224 226 228 230 232 234 236 238 0 2 4 6
Spectroscopy carrier frequency, f (kHz) Spectroscopy phase shift, ¢

20



Phasor Ramsey technique

The phase sweep is fitted to a cosine to
measure the b - b line center frequency

A(f,§) = Agcos {¢+27 [f - fo(bb)] T}

Six phases measured for a simultaneous
frequency measurement of the two
oppositely-polarized sub-ensembles
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Common mode and differential mode

e The common mode measures magnetic
field drifts

e The differential mode measures new
physics, insensitive to magnetic fields

fC = fO(bB’ﬂ- = +1) +f0(b5’ﬂ- = _1)
fd = fO(bB,ﬂ = +1) _fO(bgaﬂ. = _1)
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Comagnetometry test

Demonstration of how well our
comagnetometer platform
rejects magnetic field
fluctuations

Purposefully apply low
frequency magnetic fields

along each axis simultaneously

Test without magnetic shielding
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Comagnetometry results

Oscillations show up in the
common mode, but not in the
differential mode

Differential mode effectively
shielded to better than 10 uG
drifts without magnetic shielding
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Axion-like particle (ALP) search e B e, AR G e o 0os

Oscillation frequency, faip (Hz)
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Current static T-violation measurement

Approx. 20 mHz rt-hr

Integrating over 3 weeks:
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Averaging down

Allan deviation (Hz)
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Improvement #1: Next generation crystal mount

e The Eu:YSO crystal is decoupled from all rf
sources to reduce heating the crystal

e The electric field homogeneity is improved
by a factor of 30

e The rf magnetic field strength and
homogeneity is improved

e Ability toprobea-a,b-b, c-¢in
consecutive cycles
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Improvement #2: Bar magnet alignment

In the current apparatus, magnetic
field gradients result in 500 Hz line
broadening

This inhomogeneity can be
improved by at least a factor of 10
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simulated perfectly aligned 0.5 in. x 2 in. x 4 in. magnets
simulated perfectly aligned 0.5 in. x 4 in. x 8 in. magnets
simulated perfectly aligned 0.5 in. x 8 in. x 8 in. magnets
experimental data with 0.5 in. x 2 in. x 4 in. magnets
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Improvement #3: Comb spectroscopy

We probe about 1in 1000 ions in
the crystal

Optical transition is broadened to
~700 MHz

Comb spectroscopy would allow us
to simultaneously probe more ions
in the crystal, increasing sensitivity

by orders of magnitude
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Inhomogeneous broadening & fitting

1.6

1.4F

=
N
T

g
o
T

normalized population
= o
(o)} (o]
T

(=}
N
T

o
[N)

o
o
T

\

228.5 229.0 229.5 230.0 230.5 231.0
frequency (kHz)

231.5

34



Inhomogeneous broadening & fitting

—— experiment fit
- perfectly aligned x1 size
-=-~- perfectly aligned x2 size

—— experiment fit
——— perfectly aligned x1 size
-—=- perfectly aligned x2 size
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Rabi flopping
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Spin echo
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